The cellular mechanisms governing non-muscle myosin II (NM2) filament assembly are largely unknown. Using EGFP-NM2A knock-in fibroblasts and multiple super-resolution imaging modalities, we characterized and quantified the sequential amplification of NM2 filaments within lamellae, wherein filaments emanating from single nucleation events continuously partition, forming filament clusters that populate large-scale actomyosin structures deeper in the cell. Individual partitioning events coincide spatially and temporally with the movements of diverging actin fibres, suppression of which inhibits partitioning. These and other data indicate that NM2A filaments are partitioned by the dynamic movements of actin fibres to which they are bound. Finally, we showed that partition frequency and filament growth rate in the lamella depend on MLCK, and that MLCK is competing with centrally active ROCK for a limiting pool of monomer with which to drive lamellar filament assembly. Together, our results provide new insights into the mechanism and spatio-temporal regulation of NM2 filament assembly in cells.
Non-muscle myosin II (NM2) powers numerous fundamental processes at the cellular, tissue and organismal levels 1, 2 . A monomer of NM2 consists of two non-muscle myosin heavy chains (MHCs), two essential light chains, and two regulatory light chains (RLCs). To function properly, upwards of 30 NM2 monomers self-assemble via electrostatic interactions between the coiled-coil portions of their MHCs to form bipolar filaments that engage and contract actin filaments of opposing polarity 3, 4 . The key mechanism regulating the concentration-dependent 5, 6 assembly of filaments is the phosphorylation of the RLC by various kinases 7 , most notably myosin light chain kinase (MLCK) 8 and Rho-associated protein kinase (ROCK) 9 . This phosphorylation event drives NM2 from a folded, inactive conformation (10S) to an extended, assembly-competent conformation (6S) 5, [10] [11] [12] [13] and accelerates the actin-activated ATPase of NM2 (ref. 7) . How the activation of NM2 is spatially and temporally controlled within cells to promote the assembly of region-specific actomyosin structures is largely unknown.
The lamella of polarized fibroblasts provides an excellent site in which to define the dynamics of NM2 filament assembly with high temporal and spatial resolution. A major challenge in observing filament assembly, however, lies in the fact that the length of the NM2 filament (∼300 nm) is near the diffraction limit of standard light microscopy 3, 4 . Early studies using electron microscopy to circumvent this problem identified disorganized clusters of NM2 filaments in the lamella, and more organized 'ribbons' or 'stacks' of filaments deeper in the cytoplasm, and suggested that new filaments associated with established filaments to create both clusters and stacks 14 . Recently, Burnette and colleagues used three-dimensional structured illumination microscopy (3D-SIM), which provided high spatial resolution (∼130 nm) with modest temporal resolution (∼4 frames min −1 ) and limited imaging duration (∼3 min), to advance our understanding of NM2 filament assembly in living cells 15 . Using exogenously expressed NM2A in U2OS osteosarcoma cells, they observed the expansion of initial NM2 filaments into the filament stacks observed previously by electron microscopy (see also Hu et al. 16 in this issue), and presented evidence consistent with this expansion being driven by the splitting of NM2 filaments.
Here we sought to extend these previous studies by quantifying NM2 filament assembly in mouse embryonic fibroblasts (MEFs) isolated from EGFP-NM2A knock-in mice using several live-cell imaging modalities with enhanced temporal (12-30 frames min −1 ) and spatial (100-140 nm) resolution 17, 18 , and extended imaging duration (up to 90 min). We show that NM2A filament assembly in the lamella is driven by sequential amplification in which filaments are continuously partitioned by dynamic actin fibres to which they are bound, that the actomyosin structures deeper in the cytoplasm, and that two major RLC kinases are competing for a limiting pool of myosin monomer with which to create/maintain region-specific actomyosin structures. This last observation mirrors the recent demonstration that actin nucleators compete for a limiting pool of actin monomer to create region-specific actin structures [19] [20] [21] [22] .
RESULTS

Lamellar NM2A filaments are amplified from few nucleation events by filament partitioning
To begin to define the mechanisms regulating NM2 filament assembly, we localized NM2A filaments in the lamella of primary MEFs isolated from EGFP knock-in mice, where all endogenous NM2A molecules possess EGFP at the amino terminus of their MHC 23 . 3D-SIM of cells immunostained with an isoform-specific antibody against the NM2A tail domain ( Fig. 1a , magenta) yielded an alternating cyan-magentacyan pattern corresponding to two clusters of myosin heads at opposite ends of the ∼300 nm bipolar filament ( Fig. 1a , pseudocoloured cyan) and a central magenta punctum identifying overlapping NM2A tails ( Fig. 1a ; see schematic). Interestingly, the majority of filaments were in clusters rather than evenly dispersed in the lamella (Fig. 1a , insets a1-a6), consistent with earlier electron microscopy observations 14 .
Nearest-neighbour analysis demonstrated that the distance between neighbours decreases as the distance from the leading edge increases ( Fig. 1b ; note the negative slopes), indicating that clustering increases as filaments move further inward. To directly observe filament nucleation, growth, and cluster formation, we turned to live-cell imaging using total internal reflection fluorescence SIM (TIRF-SIM), which provides high spatial (∼100 nm) and temporal (12 frames min −1 ) resolution ( Fig. 1c ). We observed single nucleation events ( Fig. 1c1-c2 ,c1 -c2 ) that expanded into filament clusters as they moved rearward ( Fig. 1c3-c6 ,c3 -c6 and Supplementary Video 1). To relate these events within the TIRF zone near the leading edge to the formation of larger actomyosin structures present deeper and higher in the cytoplasm, we performed 4D super-resolution imaging using a Zeiss 880 Airyscan confocal microscope. Depth-based pseudocolouring of these images ( Fig. 2a and Supplementary Video 2) demonstrated ventral nucleation events (purple) ( Fig. 2b1,b1 ) that moved rearward and upward while expanding (pink) ( Fig. 2b2-b7 ,b2 -b7 ) to eventually populate large dorsal actomyosin structures (orange/yellow) ( Fig. 2b8 and b8 and Supplementary Video 3). Other nucleation events expanded but remained near the ventral surface and developed into ventral stress fibres ( Fig. 2c and Supplementary Video 4). Therefore, nucleation and expansion appears to be a major mechanism by which NM2A bipolar filaments populate both dorsal and ventral actomyosin structures (see also Hu et al. 16 for characterization of dorsal actomyosin network formation). To define more precisely how NM2A filaments nucleate and expand, we imaged in TIRF-SIM at higher speed (30 frames min −1 ). We observed initial nucleation events ( Fig. 3a1-a2 ; yellow arrows) followed by a growth phase in which the intensity at each punctum increased, indicating additional monomer incorporation ( Fig. 3a3-a6 ). Subsequently, we observed puncta at opposing ends of the mature filament partition to produce a second filament ( Fig. 3a7-a14 ; blue and pink arrows; Supplementary Video 5), similar to previous observations 15 . Individual partitioning events typically exhibited a progression from two head groups to three, and finally to four, although some events went directly from two to four head groups. While these images suggest that the initial filament is split in half, we refer to these events hereafter as filament partitioning because at this resolution we cannot distinguish between the splitting of an individual filament and the separation of two closely spaced filaments. Importantly, the new filaments created by partitioning rapidly repeat this process, leading to the creation of filament clusters, as seen in Fig. 1c1 -c6 . This phenomenon was observed for ∼95% of the filaments nucleated in the lamella (270 of 285 nucleation events from 14 cells). Notably, we observed similar filament partitioning in COS-7 cells expressing EGFP-NM2B (Supplementary Fig. 2A and Supplementary Video 6) and in Drosophila melanogaster cells expressing GFP-squash (Dm NM2 RLC) ( Supplementary Fig. 2C -F and Supplementary Video 7), suggesting evolutionary conservation. Additionally, we identified nascent filaments and filament clusters containing both NM2A and NM2B in EGFP-NM2A MEFs expressing Halo-Janelia Fluor 549-NM2B ( Supplementary Fig. 2B and Supplementary Video 8), suggesting partitioning of heterotypic filaments 17, 24 .
To rule out the possibility that the 'new' filaments created by partitioning are actually pre-existing filaments that moved axially into the TIRF zone, we collected Airyscan z-stacks through the entire lamella to analyse orthogonal views of partitioning events ( Fig. 3b-d and Supplementary Video 9). The partitioning events imaged in this manner occurred laterally and did not involve the axial movement of pre-existing filaments into the image plane. Furthermore, the intensity of the two new puncta immediately following a partitioning event dropped to a mean of ∼60% of the single punctum just prior to separation ( Fig. 3e ), consistent with a single group of NM2A molecules partitioning into two groups of NM2A molecules, along with continued filament growth throughout the process. Of note, many of these partitioning events were not even, with one punctum possessing significantly more signal than the other. Moreover, we did not observe a consistent intensity at which partitioning occurs ( Fig. 3f ,g and Supplementary Video 10), arguing that filaments do not partition at a discrete size. These data must be interpreted cautiously, however, because at SIM resolution a single head punctum could contain the ends of more than one filament. Together, these data indicate that NM2A filament formation in polarized fibroblasts involves an amplification process in which filaments are sequentially partitioned to produce many filaments.
Actin filament motion drives NM2 filament partitioning
We performed several experiments to determine whether the movements of actin fibres drive filament partitioning. First, we used two-colour Airyscan imaging to determine whether filament partitioning events correlate in space and time with the dynamic movements of F-actin, which is both dense and dynamic in the lamella (Supplementary Video 11), creating myriad opportunities for actinassisted NM2A filament partitioning. Figure 4 shows an example of an EGFP-NM2A filament (fire LUT) that nucleated along an actin fibre (grey) ( Fig. 4a1 ), grew (Fig. 4a2 ), and then partitioned ( Phalloidin-stained actin is shown as greyscale in c2 and c3. Contact points between the EGFP-NM2A head group surface and the actin surface were identified using a novel surface-surface contact algorithm (see Methods) and are shown in yellow in c4. Scale bar, 300 nm. (d) The surface-surface contacts between actin and NM2A head group 'a' or between actin and NM2A head groups 'b' and 'c' were measured ('exp'; magenta) and compared with control regions ('ctrl'; grey). Error bars indicate mean ± s.d. (n = 47 midpartition events). Statistical significance was determined with an unpaired t-test ( * * * P = 0.004 for 'a' and * * * P =< 0.0001 for 'b and c'). (e,f) EGFP-NM2A MEFs untreated (black) or treated with SMIFH2/CK666 (cyan) were imaged with TIRF-SIM (e) or Airyscan (f) and the number of maxima (e) and total filament cluster intensity (f) were measured for 3 min following nucleation. Data are plotted as mean ± s.e.m. n values in parentheses indicate number of filaments. Statistical significance was determined using a Mann-Whitney test. * P = 0.0385 for e and * * * * P =< 0.0001 for f. See Supplementary Fig. 1 for larger fields of view for a and c.
Efforts to correlate filament partitioning with actin fibre dynamics quantitatively were hampered by the high density of lamellar F-actin. Therefore, we employed fixed-cell analyses to correlate the positions of partitioning NM2 filaments with the positions of associated actin fibres. Mid-partition events, defined as three EGFP puncta (magenta) trifurcated by a single α-NM2A tail punctum (cyan) in 3D-SIM images ( Fig. 4b and c1 ), were first identified in fixed, phalloidin-stained EGFP-NM2A MEFs immunostained with NM2A tail antibody as in Fig. 1a . Using 3D reconstructions of NM2A and actin, we found that the two separated NM2 head groups ('b' and 'c') had significantly more of their surface in contact with an actin surface than in randomized controls, arguing that these head groups were associated intimately with actin fibres ( Fig. 4c4 and d ; see Supplementary Fig. 3A -H for details). Importantly, ∼80% (38 of 47 events) of separated head groups appeared to be bound to different actin fibres (for example, Fig. 4c1-c3 ). This quantitative analysis provided strong support for our conclusion that actin fibre dynamics actively partition NM2A filaments.
We next sought to determine whether reducing actin dynamics would reduce the frequency of filament-partitioning events and the total amount of NM2A per filament cluster. Actin dynamics in the lamella are driven largely by formin-and Arp2/3-dependent actin nucleation and NM2-dependent contractile forces 25, 26 . We used the pan-formin inhibitor SMIFH2 and the Arp2/3 inhibitor CK666 at 5 µM each, which effectively stalled actin dynamics (Supplementary Video 15) without inducing cell retraction. We then used TIRF-SIM to track the number of maxima (that is, NM2A head groups) ( Supplementary Fig. 3I and Supplementary Video 16) as a measure of partitioning frequency, and Airyscan imaging to track total filament intensity ( Supplementary Fig. 3J ) as a measure of filament cluster growth rate. Figure 4e ,f shows that the combinatorial inhibition of formins and Arp2/3 significantly reduced both rates, arguing that the sequential amplification of NM2A filaments is driven at least partially by dynamic actin.
MLCK drives filament assembly in the lamella and competes with ROCK for limiting NM2 monomer MLCK and ROCK are the dominant NM2 RLC kinases in most cells, with MLCK being primarily responsible for RLC phosphorylation and filament assembly in the lamella 27, 28 and ROCK being primarily responsible for these events in central and posterior regions, where it drives stress fibre formation 28, 29 . We used small-molecule inhibitors of ROCK (Y27632) and MLCK (ML7) to define their roles in NM2 filament assembly and partitioning. ROCK inhibition resulted in the rapid and dramatic redistribution of EGFP-NM2A from central and posterior stress fibres to the lamella ( Fig. 5a and Supplementary Video 17), which was reversible following washout ( Supplementary  Fig. 4 ). This dramatic increase in lamellar EGFP signal following ROCK inhibition was due to a large increase in the number of NM2 filaments present there and not simply to an increase in signal from NM2 monomer ( Fig. 5b-d) . Moreover, quantitative live-cell imaging revealed that this increase in filament number coincided with significant increases in the rates of both filament partitioning and filament cluster growth ( Fig. 5e ,f, magenta lines; TIRF-SIM examples in Fig. 5g,h) . As anticipated, inhibition of MLCK in EGFP-NM2A MEFs resulted in significant decreases in the rates of both filament partitioning and filament cluster growth in lamella ( Fig. 5e ,f, green lines; TIRF-SIM example in Fig. 5i ). Importantly, simultaneously inhibiting MLCK and ROCK resulted in complete suppression of the Y27632-induced enhancement of filament partitioning in the lamella, and partial suppression of the Y27632-induced enhancement of lamellar filament cluster growth (Fig. 5e ,f, cyan lines; TIRF-SIM example in Fig. 5j ). Together, these results demonstrate that MLCK plays a major role in the sequential amplification of NM2 filaments in the lamella, and suggest a more complex interplay between ROCK and MLCK than previously appreciated.
A straightforward way to explain the rapid, MLCK-dependent increase in lamellar NM2A filament assembly following the Y27632induced stress fibre disassembly is to assume that the amount of NM2 monomer available for filament assembly at steady state is limiting, such that the size of this monomer pool increases significantly following stress fibre disassembly. Implicit in this explanation is the idea that spatially restricted RLC kinases are competing for a pool of NM2 monomer that is limiting for filament assembly. To further explore this hypothesis, we artificially altered NM2A levels. To lower expression, we used a partial knockdown to reduce NM2A levels to ∼50% of wildtype ( Fig. 6a, cyan) , measured using the EGFP signal and fluorescenceactivated cell sorting (FACS) (further reduction in NM2A expression altered cell morphology, prohibiting analysis). Consistent with limiting NM2 monomer, this moderate reduction in NM2A level reduced significantly the rates of both filament partitioning and cluster growth in the lamella (Fig. 6b,c, cyan lines) . To increase expression, we transiently expressed NM2A tagged with EGFP and mApple and used FACS to purify a population of cells with ∼2-fold more NM2A than control cells (that is, mApple-positive cells with ∼2-fold more EGFP signal) ( Fig. 6a, magenta) . Consistent with limiting NM2 monomer, these over-expressing cells displayed significantly enhanced rates of filament partitioning and cluster growth in the lamella (Fig. 6b ,c, magenta lines). Finally, under-expressing cells treated with Y27632 displayed significantly reduced rates of filament partitioning and cluster growth relative to Y27632-treated normal-expressing cells ( Fig. 6d ,e, cyan lines), consistent with the data for untreated cells. Interestingly, while filament partitioning and cluster growth trended towards higher values in over-expressing cells treated with Y27632, the rates were not statistically different from normal-expressing cells treated with Y27632, suggesting monomer concentrations are approaching saturating levels following stress fibre disassembly. Together, these data argue that the level of NM2A monomer available for RLC kinase-dependent filament assembly at steady state is limiting, such that the kinases compete for this limiting pool of monomer.
DISCUSSION
Using several super-resolution imaging modalities with enhanced speed and extended imaging duration, we showed here that NM2 filament assembly in the lamella of EGFP-NM2A knock-in MEFs occurs via sequential amplification following initial nucleation, where relatively sparse nucleation events give rise to filament clusters that then populate large-scale actomyosin structures present deeper in the cell. Fast TIRF-SIM imaging was particularly effective in revealing the filament-partitioning events that rapidly transform nascent filaments into large filament clusters via sequential amplification. This, combined with Airyscan imaging and 3D-SIM, allowed us to quantitate both partitioning frequency and the growth rate of filament clusters, and to correlate filament partitioning with diverging actin fibres. Finally, by quantitating regional filament assembly parameters following inhibition of MLCK and ROCK, we showed that these kinases are competing for limiting NM2 monomer, and we provided evidence that filaments assembled in the lamella downstream of MLCK populate stress fibres that are maintained by ROCK. Together, our results confirm and significantly extend those of Fenix et al. in U2OS cells overexpressing GFP-NM2A, who also saw filament partitioning and then examined the phenomenon of filament stack formation.
With regard to what is actually occurring during filament partitioning, two obvious possibilities come to mind. In the first, which we term templated nucleation, a parent filament assists the nucleation of a new, immediately adjacent filament. In this case, therefore, the parent filament does not split into two daughters but rather gives birth to a daughter ( Supplementary Fig. 5A ). Even with the spatial resolution SIM provides, this daughter filament would remain unresolvable until it moved a sufficient distance away from the parent filament. In the second possibility, the parent filament actually 'splits' into two daughter filaments ( Supplementary Fig. 5B ). This model, similar to one proposed by Fenix et al. 15 , seems less likely given that the electrostatic forces holding individual filaments together are probably quite high. That said, bundles of myosin molecules can be mechanically 'unzipped' from thick filaments with relatively moderate forces 30 , and filament stability may be more easily compromised by lateral forces applied perpendicular to the filament's long axis, as seen in the actin-assisted filament partitioning described here, than by forces parallel to their long axis, as seen in normal sarcomeric arrangements. Nevertheless, we tend to favour the templated-nucleation model for energetic reasons and because the inter-filament connections inherent in it could provide the kinetic advantage driving templated nucleation (see below). Ultimately, correlative electron microscopy, light-based molecule counting methods, and reconciliation with current NM2 filament assembly models [31] [32] [33] will be required to fully understand the partitioning process. While we have no definitive answer for why NM2 filament proliferation occurs via sequential amplification rather than widespread de novo nucleation, two factors might promote sequential amplification. The first stems from the templated-nucleation model described above. If filament nucleation is faster when seeded off of an existing filament than when nucleated in isolation, then sequential amplification would have a competitive advantage. The second stems from our demonstration that NM2 monomer levels are limiting, and the likelihood that the monomer concentration required to promote templated nucleation is lower than that required to promote de novo nucleation. Importantly, the magnitude of this advantage would grow as monomer is consumed. The common consequence of these two factors would be positive cooperativity that provides sequential amplification with a strong competitive advantage over de novo nucleation.
A major mechanistic conclusion from our work is that filaments are partitioned by the dynamics of actin fibres to which they are bound. This conclusion was based on dynamic, two-colour, super-resolution imaging demonstrating that NM2A filaments partition in spatial and temporal register with diverging actin fibres, 3D-SIM images of mid-partitioning events showing that the majority of separating NM2A head groups are bound to different actin fibres, and evidence that inhibiting actin dynamics suppresses filament partitioning and filament cluster growth, consistent with previous end-point images of cytochalasin-treated cells 15 . Importantly, diverging actin fibres could drive either the separation of a templated filament from the parent filament or the splitting of a single filament whose heads bridge the diverging fibres ( Supplementary Fig. 5 ). Moreover, the actin-dependent partitioning of NM2 filaments might function in a feedforward fashion to promote the formation of macro-scale actomyosin networks ( Supplementary Fig. 6 ), which, together with the work of Hu and colleagues 16 , adds new layers of complexity to previous studies demonstrating actin-facilitated NM2 assembly [34] [35] [36] and the mechano-accumulative properties of NM2 (refs 33,37) .
A final major mechanistic conclusion from our work is that spatially restricted RLC kinases are competing for a limiting pool of NM2 monomer. Competition occurs when two (or more) enzymes are simultaneously using the same diffusible substrate, and this substrate is present at sub-saturating/limiting concentrations. Two key observations support our conclusion regarding monomer competition. First, MLCK-dependent filament assembly in the lamella increases following either stress fibre disassembly downstream of ROCK inhibition or an elevation in NM2A expression level. These results indicate that the level of NM2A monomer at steady state is limiting, not saturating. Second, selective inhibition of MLCK and ROCK showed that both are continuously driving filament assembly, that is, both are simultaneously active. Recent paradigm-shifting studies in yeast and vertebrate cells have demonstrated that formins and the Arp2/3 complex compete for a limiting pool of actin monomer, such that when one nucleating machine is turned off, the filaments created by the other machine proliferate [19] [20] [21] [22] . Similarly, our results suggest that enhanced NM2 filament assembly within a particular area could be driven not only by direct activation of the RLC kinase serving that area but by inactivation of competing RLC kinases elsewhere. This conclusion raises interesting possibilities for unrecognized crosstalk between upstream signalling pathways in processes involving large rearrangements of actomyosin, such as cytokinesis and epithelialmesenchymal transition.
METHODS
Methods, including statements of data availability and any associated accession codes and references, are available in the online version of this paper.
Note: Supplementary Information is available in the online version of the paper DOI: 10.1038/ncb3463 METHODS Cell isolation, culture and transfection. MEFs were isolated from EGFP-NM2A knock-in mice 23 as previously described 38 and used within five passages. Cells were grown in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, 2 mM GlutaMAX (Life Technologies), and 1× antibiotic-antimycotic (Life Technologies), and maintained at 37 • C in 5% CO 2 . All coverslips were coated with 10 µg ml −1 fibronectin (Sigma) prior to use. Cells were transferred to Leibovitz's L-15 medium supplemented with 10% fetal bovine serum during live-cell imaging. Cells were transfected using a Lonza Nucleofector system with a solution of 5 mM KCl, 15 mM MgCl 2 , 120 mM Na 2 HPO 4 /NaH 2 PO 4 , pH 7.2, 50 mM mannitol and program A-24 for MEFs and W-01 for COS-7. For over-expression studies, EGFP-NM2A MEFs were transfected with pEGFP-NM2A-mApple as described above. At ∼24 h post-transfection, the brightest half of the mApple-positive population was isolated using a BD FACS Aria Flow Cytometer. For knockdown studies, EGFP-NM2A MEFs were transduced with Myh9 shRNA from the Broad Institute's Mission TRC-1 mouse library (TRCN0000071506: target sequence 5 -GCCATACAACA AATACCGCTT-3 ). At 12 h post-transduction, the cells were grown for 24 h in 10 µg ml −1 puromycin and then plated for imaging. The following inhibitors were purchased from Sigma-Aldrich and used at the indicated concentration: Y27632, 10 µm; ML7, 20 µm; SMIFH2, 5 µm; CK666, 5 µm. Drosophila melanogaster cells were cultured from transgenic animals ubiquitously over-expressing spaghetti squash tagged with GFP. Cells were isolated from pre-pupae by puncturing the cuticle slightly anterior to the posterior spiracles with a 27 gauge needle, allowing the haemolymph to bleed into Schneider's Drosophila Media supplemented with 20% FBS. Cells were plated on an uncoated coverslip and imaged within ∼1 h of plating. None of the cell lines used in the study is on the list of misidentified cell lines maintained by ICLAC and NCBI Biosample. COS-7 cell lines were not authenticated and were not tested for mycoplasma contamination.
Antibodies and immunofluorescence. Cells were fixed in a solution containing 4% formaldehyde, 150 mM NaCl, 5 mM EGTA, 5 mM glucose, 5 mM MgCl 2 , and 10 mM PIPES (pH 6.8). Cells were simultaneously permeabilized and blocked in 1×PBS containing 0.2% saponin and 5% normal goat serum. Primary and secondary antibody incubations were performed for 2 h at room temperature in permeabilization/blocking solution. The rabbit polyclonal antibody against non-muscle MHC 2A was purchased from Sigma (no. M8064) and used at a 1:500 dilution, while the mouse monoclonal antibody against GFP was purchased from Roche (no. 11814460001) and used at a 1:2,000 dilution. AlexaFluor-conjugated secondary antibodies and phalloidin were purchased from Life Technologies. Cells were incubated with phalloidin (1:200) in permeabilization/blocking solution overnight at 4 • C.
Expression vectors.
Plasmid EGFP-NM2A-mApple was created by combining pEGFP-C3-NM2A with pmApple-N1-NM2A using an upstream Nhe1 site and an internal EcoR1 site in the NM2A coding sequence (Nhe1-EGFP-NM2A-EcoR1 transferred into pmApple-N1-NM2A backbone). Plasmid mApple-F-Tractin was described previously 17 . Plasmid tdTomato-F-Tractin was created by replacing mApple with tdTomato using restriction enzymes Age1 and BsrG1. pEGFP-NM2B was a gift from T. Egelhoff (CCF, USA). pHalo-N1-NM2B was created by PCR amplifying the Halo-tag coding sequence and cloning it into pmApple-N1-NM2B using In-Fusion HD Cloning (Takara) following removal of the mApple fluorophore with Age1/Not1 digestion. Janelia Fluor 549 (JF549) Halo Tag ligand was a gift from L. Lavis (Janelia Research Campus, USA).
Imaging. TIRF-SIM imaging was performed on either a custom TIRF-SIM microscope at the Janelia Research Campus as previously described 17 or a DeltaVision OMX SR (GE) microscope equipped with a 60 × 1.42 NA objective. All 2D-and 3D-SIM imaging was performed on a DeltaVision OMX 3D-SIM Imaging System V4 (GE) equipped with an Olympus 60×/1.42 NA objective. Raw images were reconstructed using Softworx (Applied Precision). For 2D-SIM, a Weiner constant of 0.2 was used for every frame of processing. For 3D-SIM, a Weiner constant of 0.001 was used. Processed SIM images were zero-clipped to remove negative pixel values. Of note, some SIM images contain faint horizontal 'stripes' that arise when imaging near the lower end of the CMOS camera's dynamic range. Airyscan imaging was performed in Super-resolution mode on a Zeiss LSM 880 Airyscan microscope equipped with a 63 × 1.4 NA objective. Raw data were processed using Airyscan processing in 'auto strength' mode (mean strength ± s.d.
= 5.5 ± 1.3) with Zen Black software version 2.3. Figure 5a was collected on a Nikon A1R microscope equipped with a 40 × 1.3 NA objective. Linear adjustments for contrast and brightness were made to images using ImageJ.
Measuring partitioning rate and filament cluster growth rate. Individual NM2A filament clusters in the lamella that did not overlap with other clusters within 3 min of nucleation were selected from the whole-cell image for analysis. These filament clusters were traced backwards in time to their nucleation point. TIRF-SIM images were used for maxima tracking to obtain filament-partitioning rates. Maxima were identified using 'Find maxima. . . ' in ImageJ. Airyscan images were used to measure filament cluster growth rates. A mask was created at each time point using ImageJ auto threshold, which was then applied to the raw image to find the area and mean EGFP intensity. These data were multiplied to calculate total intensity for each filament cluster at each time point. See examples in Supplementary Fig. 3 . All data were graphed using GraphPad Prism. Statistical significance for both analyses was determined using a Mann-Whitney test of the best-fit slopes.
Filament counting and nearest-neighbour analysis. EGFP-NM2A MEFs were stained with phalloidin-AlexaFluor633 and α-NM2A antibody to identify the tail domain of NM2, and imaged with 3D-SIM. Where indicated, the cells were treated first with small-molecule inhibitors prior to fixation. Coordinates for the middle of discrete NM2A filaments were manually identified from the alternating head-tail-head pattern (see schematic in Fig. 1a ). Of note, filaments that were not clearly discernible were not counted. Coordinates for the leading edge were identified by manually tracing the leading edge using the actin channel. Distances between filaments and the leading edge or between filaments and other filaments (for nearest-neighbour analysis) were calculated in Excel. All data were graphed using GraphPad Prism. Statistical significance was determined using an unpaired t-test with Welch's correction.
Measuring partitioning head puncta intensities. To track filament intensity throughout individual partitioning events (Fig. 3e ), EGFP-NM2A MEFs were imaged with TIRF-SIM. Puncta that exhibited a clear and discrete partitioning event (that is, from one punctum to two puncta) over 1-2 frames were analysed. To determine whether there was a consistent head puncta intensity at which partitioning events occurred ( Fig. 3f,g) , EGFP-NM2A MEFs were imaged with wide-field 2D-SIM to circumvent intensity changes caused by variations in z that are inherent in TIRF imaging. For each data set, a mask was created in ImageJ for each EGFP punctum, which was then applied to the raw image to find the area and mean EGFP intensity. These data were multiplied to calculate total intensity for each punctum. For Fig. 3e this was done at each time point and data were normalized to the maximum intensity, which was the last time point just prior to the partitioning event. For Fig. 3f , puncta were measured at the time point immediately preceding partitioning. Data were graphed using GraphPad Prism.
Surface-surface contact. EGFP-NM2A MEFs stained with phalloidin-Alexa-Fluor568 and immunostained with α-NM2A and α-GFP were imaged with 3D-SIM. From 40 cells, 47 NM2A trimers were selected on the basis of having three distinct EGFP-NM2A head puncta trifurcated by a single α-NM2A heavy chain punctum to identify the tail (see schematic in Fig. 4b ). Each trimer was extracted as a 1 µM z-stack and imported into Imaris 3D visualization software (Biplane) and four different channels were analysed: NM2A head clusters, actin, and two different areas of control actin. The controls were regions of actin adjacent to the ROI that had similar actin density. Using Imaris software, the 'Surfaces' tool was used to create a 3D rendering of each channel (as in Fig. 4c1-c3 ). Using these rendered surfaces, a surface-surface contact area algorithm was used to determine the amount of contact between the NM2A surface and the actin surface (Fig. 4c4 ). This algorithm creates a 1 voxel shell around the primary surface (NM2A) and calculates the percentage of that shell that overlaps with the secondary surface (actin). This same calculation was done with the random controls. These surfaces were also used to determine whether the splitting NM2A head clusters ('b' and 'c' in Fig. 4b ) were attached to the same or different actin fibre. Of the 47 mid-partitioning events analysed, 38 of the separated head clusters were definitively on different actin filaments/bundles, 4 were inconclusive, and 5 appeared attached to the same actin filament/bundle. All data were graphed using GraphPad Prism. The surface-surface contact method is further explained in Supplementary Fig. 3A -H. Statistical significance of the contact data ( Fig. 4d ) was determined using an unpaired t-test with Welch's correction.
Statistics and reproducibility.
The type of statistical test, n values, and p values are all listed in the figure legends. All statistical analyses were performed using Graph Pad Prism, and significance was determined using a 95% confidence interval. The number of cells examined and experimental repeats not indicated in the legend or text are as follows: Fig. 1b , filaments analysed in 9 cells acquired in 4 independent experiments; Fig. 3e , partitioning events analysed in 6 cells acquired in 6 independent experiments; Fig. 3f , head puncta during partitioning analysed in 22 cells acquired in 3 independent experiments; Fig. 4d , filaments analysed in 40 cells acquired in 2 independent experiments; Fig. 4f , filaments pre and post SMIFH2/CK666 treatment analysed in 5 cells acquired in 3 independent experiments; Fig. 5d , cells acquired in 5 experiments (Untreated) or 3 experiments (Y27632). For Figs 4e, 5e and 6b,d the number of cells examined and experimental repeats for each subgroup, which could be shown in multiple figures, were as follows: Untreated (13, 5) , + SMIFH2/CK666 (9,3), + Y27632 (15, 4) , + ML7 (10,3), + Y27632/ML7 (11,3), EGFP-NM2A-mApple (8,2), NM2A shRNA (9,2),
